We have recently explored the in vivo functional and oncologic relevance of Lon protease (LONP1), an enzyme involved in mitochondrial quality control. We found that LONP1 is an essential protein for life and that it also performs a critical function in tumorigenesis by regulating the bioenergetics of cancer cells.
Lon protease, or LONP1, is one of the major mitochondrial quality control proteases involved in maintaining mitochondrial function and proteostasis. This serine protease is highly conserved through evolution from bacteria to eukaryotic cells, and its function has been widely studied for many years. 1 Previous studies have suggested that LONP1 might play a key role in the regulation of mitochondrial function because of its ability to perform proteolytic processing of essential proteins such as ACO2 and TFAM. 2 Furthermore, changes in the expression of LONP1 have been described during aging and in different pathological conditions, suggesting that the function of this proteolytic enzyme may be important for cellular and organismal fitness. 1 However, despite all this previous research, the functional relevance of LONP1 in mammals remains largely unknown.
To unveil the physiological and pathological relevance of this enzyme, we recently generated mice deficient in Lon protease. 3 Using these mutant mice, we have demonstrated that LONP1 is essential for viability as animals deficient in this protease show embryonic lethality during the gastrulation period. In addition, LONP1-deficient embryos exhibit a marked loss of mitochondrial DNA and are unable to develop in vitro. These results clearly demonstrate the essential role of this proteolytic enzyme for cell viability.
The importance of Lon protease has also been shown in other organisms and cell lines, in which absence or silencing of this enzyme generates multiple cellular defects and even accelerated aging. 4 We have further shown that downregulation of Lon protease in tumor cell lines decreases their growth rates and tumorigenic potential, indicating that LONP1 is also required for the viability of cancer cells. 3 In addition, a deeper analysis using melanoma cells has allowed us to conclude that the absence of Lon protease induces a mitochondrial catastrophe, which is characterized by a loss of mitochondrial structure and respiration complexes, and an increase in fragmentation and reactive oxygen species levels. These defects result in a decrease in mitochondrial respiration and function, and in a shift to a glycolytic metabolism to try to counteract the mitochondrial defects. However, despite these cellular attempts to overcome the shortfall in energy, the severe mitochondrial alterations induce a DNA-damage response that ultimately triggers the activation of a senescence phenotype, one of the hallmarks of aging and a barrier to cancer development 5 ( Fig. 1) . Previous data have shown that the expression of LONP1 is increased in some tumor cell lines, and that inactivation of this proteolytic enzyme could serve as a treatment for some human malignant tumors including lymphomas. 6 Now, using haploinsufficient mice and cellular models of gain-of-function and loss-offunction, we have shown that LONP1 activity is critical for cancer development. 3 Thus, a decrease in levels of the Lon protease in mice protected them against colorectal and skin tumors. Interestingly, expression data in human tumors have shown a similar correlation, with high levels of LONP1 being related to a worse prognosis in both tumor types. Furthermore, we have demonstrated that downregulation of Lon protease decreases the tumorigenic properties of cancer cells, whereas its overexpression enhances tumorigenesis. Therefore, these results allowed us to establish a link between expression and activity of Lon protease and oncogenic properties of cancer cells. 3 However, it was not easy to explain how changes in LONP1 expression might affect the properties of cancer cells.
In this regard, previous studies have described many substrates for LONP1, and its function has been associated with the turnover of oxidized and misfolded proteins. 7 However, our hypothesis addressing the functional relevance of LONP1 in cancer was related to the putative occurrence of bioenergetic alterations and mitochondrial reprogramming caused by dysregulation of this protease in cancer cells. Over the last few years, changes in mitochondrial function have attracted great interest in cancer research because of the relationship between this organelle and the metabolic reprogramming of tumor cells, one of the new hallmarks of cancer. 8 Tumor cells, like normal cells, adapt their metabolism depending on the energy requirements for each particular circumstance. This adaptation includes changes in mitochondrial function and respiration, which require remodeling of mitochondrial complexes and supercomplexes. 9 The most general metabolic reprogramming observed in tumor cells is the glycolytic switch, which induces cells to change from oxidative respiration to a glycolytic metabolism. Under these glycolytic conditions, mitochondria do not need the oxidative phosphorylation system (OXPHOS) because the cells obtain energy through glycolysis. Accordingly, the mitochondria remain as an anabolic machine generating precursors of nucleic acids and proteins.
Our experimental work in this context has revealed that LONP1 upregulation in tumor cells induces profound changes in mitochondrial complexes and supercomplexes, leading to inactivation of mitochondrial respiration and favoring the glycolytic switch. 3 However, the decrease in the OXPHOS complexes is not general, as LONP1 upregulation also induces upregulation of some structural subunits of these complexes. These changes suggest that the observed metabolic remodeling would allow re-formation of the OXPHOS complexes and supercomplexes, depending on the nutritional circumstances and requirements. In addition to these changes, we have also detected the occurrence of a series of cellular reprogramming events that are mainly characterized by a remarkable increase in the levels of proteins related to gene expression, translation, and protein metabolism. 3 Furthermore, and contrary to the situation found in LONP1-deficient cells, we have observed protection against senescence which, together with the metabolic reprogramming, would contribute to explaining the increase in tumorigenesis observed in cells overexpressing Lon protease (Fig. 1) .
3 These changes suggest a coordinated response from the mitochondria to nucleus, similar to the previously described mitochondrial retrograde signal, 10 based on the reprogramming of mitochondrial function.
In conclusion, we have demonstrated in vivo that Lon protease is essential for cell viability and proliferation, and that it plays a critical function in tumor cells by controlling bioenergetics. These findings, together with similar data derived from analysis of human tumors, suggest that inhibition or inactivation of LONP1 could serve as a potential treatment for melanoma and colorectal cancer.
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